Abstract-In-home healthcare services based on the Internet-ofThings (IoT) have great business potential; however, a comprehensive platform is still missing. In this paper, an intelligent home-based platform, the iHome Health-IoT, is proposed and implemented. In particular, the platform involves an open-platform-based intelligent medicine box (iMedBox) with enhanced connectivity and interchangeability for the integration of devices and services; intelligent pharmaceutical packaging (iMedPack) with communication capability enabled by passive radio-frequency identification (RFID) and actuation capability enabled by functional materials; and a flexible and wearable bio-medical sensor device (Bio-Patch) enabled by the state-of-the-art inkjet printing technology and system-on-chip. The proposed platform seamlessly fuses IoT devices (e.g., wearable sensors and intelligent medicine packages) with in-home healthcare services (e.g., telemedicine) for an improved user experience and service efficiency. The feasibility of the implemented iHome HealthIoT platform has been proven in field trials.
I. INTRODUCTION
N OWADAYS, global aging and the prevalence of chronic diseases have become a common concern [1] . Many countries are undergoing hospital restructuring by reducing the number of hospital beds and increasing the proportion of home healthcare [2] . A promising trend in healthcare is to move routine medical checks and other healthcare services from hospital (Hospital-Centric) to the home environment (Home-Centric) [2] . By doing so, first, the patients can get seamless healthcare at anytime in a comfortable home environment; second, society's financial burden could be greatly reduced by remote treatment; third, limited hospital resources can be released for people in need of emergency care. In-home healthcare and services can drastically reduce the total expenditure on medical care or treatment. Therefore, it is urgent in the near future for the healthcare industry to develop advanced and practical healthrelated technologies and services by leveraging information and communication technology (ICT), and apply them directly in the home environment [3] . In order to track the physical status of the elderly and, in the meanwhile, to keep them healthy, the following two daily tasks are essential: 1) real-time monitoring and analyzing vital signs to early-detect or predict life-threatening adverse events; and 2) checking whether they are following their prescribed treatment, including taking their prescribed medicine on time. However, with rapidly aging populations, these daily tasks have brought great pressure and challenges to global healthcare systems. One review estimates that about 25% of the adult population do not adhere to their prescribed medication, which may lead to poor health outcomes and increased mortality [4] . Poor medication adherence is a major problem for both individuals and healthcare providers [4] . Technology improvements in healthcare facilities and services are highly desirable to meet the requirements of this giant group.
In the meantime, Internet-of-Things (IoT) has been recognized as a revolution in ICT since it started at the beginning of the 21st century [5] , [6] . IoT technology provides the possibility to connect sensors, actuators, or other devices to the Internet and is conceived as an enabling technology to realize the vision of a global infrastructure of networked physical objects [7] . IoT extends the Internet into our everyday lives by wirelessly connecting various smart objects [8] , and will bring significant changes in the way we live and interact with smart devices [9] , [10] . Various companies are exploring this domain, as it can potentially unlock the door to new business opportunities.
As part of IoT, intelligent components, radio-frequency identification (RFID) tags [11] , embedded sensors and actuators, etc. have been rapidly developed and significantly expanded in scope. As a consequence, the number of IoT-based applications has boomed as well [12] , [13] . All these technologies facilitate the deployment of IoT devices in the home environment for 24/7 healthcare [14] - [17] . Some researchers attempt to integrate wearable devices and systems in IoT scenario to achieve better e-health services [18] , [19] . A mobile-phone-based telemonitoring system for chronic disease management is presented in [20] . A smart health monitoring chair is introduced in [21] for noninvasive bio-signal measurement. However, these solutions are almost exclusively implemented using off-the-shelf components. As a result, the physical size, rigid nature, and short battery life become limiting factors for potential long-term use.
Some research groups focus on the user-comfort issues, by leveraging advanced materials to develop user-friendly sensors. In [22] - [25] , functional textiles are utilized to manufacture a sensorized garment for physiological monitoring, where electrocardiogram (ECG) signals are successfully recorded using fabric sensing elements. Although the integration of textile and electronics improves user comfort to some extent, one drawback lies in the manufacture process, where manual knitting and interconnection make the production costs relatively high.
Electronics on flexible substrates, e.g., plastic films, are quite promising for wearable sensors. Owing to their flexible nature, they provide a good fit on soft human bodies. In [26] - [28] , an ultra-thin ( μ -thick) bionic skin with marvelous flexibility has been fabricated based on organic transistors. The artificial skin is embedded with temperature and tactile sensors to mimic the functions of the real skin. Ultimately, it will be possible to wrap the electronic skin around mechanical bones to build a prosthetic hand [29] . However, due to the process variation, mismatches may occur in the fabricated thin-film transistor [27] . As a consequence, the implemented amplifier array presents a degraded signal-to-noise ratio, leading to a noisy or even distorted output.
On the whole, the above-mentioned systems focus either on making improvements to a specific condition or developing devices for a specific problem, which only covers some limited aspects of home healthcare. A comprehensive solution for in-home healthcare is still missing. A desirable system should be capable of taking care of the patients from all aspects, covering personalized medication, vital signs monitoring, on-site diagnosis, and interaction with remote physicians. In addition, the existing systems seldom integrate new materials or apply new manufacturing approaches, which are always the key elements for bringing new devices or solutions into healthcare fields. By considering the aforementioned issues, an intelligent home-based healthcare IoT system, iHome Health-IoT, is proposed in this paper. Fig. 1 illustrates the concept of the iHome Health-IoT System. An intelligent medicine box (iMedBox) serves as a home healthcare gateway. IoT devices [e.g., wearable sensors and intelligent medicine packaging (iMedPack)] are seamlessly connected to the iMedBox via a heterogeneous network, which is compatible with multiple existing wireless standards. The body-worn Bio-Patch can detect and transmit the user's bio-signals to the iMedBox in real time. The iMedPack is connected with the iMedBox via an RFID link to assist the users with their prescribed medication. All the collected information is interpreted, stored, and displayed locally on the iMedBox. The processed information can also be forwarded to the Health-IoT network for a clinical diagnosis or further analysis.
One major contribution of the proposed iHome Health-IoT system is that it dramatically expands the scope and coverage of traditional healthcare information systems (HIS), extending from a confined hospital environment to a patient's home and body, thus makes it possible to fully realize integrated HIS (IHIS) as introduced in [30] and [31] . By doing so, the overall healthcare system could be optimized at the top level, turning from the conventional Enterprise Resource Planning into the Entire Resource Planning [30] . As shown in Fig. 2 , this paradigm shift includes three aspects.
1) Inter-organizational integration of HIS: The backbone of the iHome Health-IoT system integrates the information systems (ISs) [32] of all the stakeholders that are involved in the value chain of Health-IoT. The emerging cloudcomputing technology [33] has offered a feasible environment for such inter-organizational integration toward the so-called Health-IoT-in-Cloud. 2) Cross-border extension of HIS: The in-home terminal of the iHome Health-IoT system, iMedBox, acts as a bridge with the in-home healthcare devices. By deploying specific applications in the iMedBox, the ISs of the stakeholders can be seamlessly extended to a patient's home. Thus, the IHIS comes both within the context of enterprises and within the context of consumers' homes as the so-called Health-IoT-at-Home. This is consistent with the aforementioned trend of healthcare services, which are transforming from hospital-centric to home-centric [2] . 3) Personalized penetration of HIS: Personalized services will be the ultimate form of future healthcare. The ultra-lowpower and low-cost wearable biomedical devices, e.g., Bio-Patch, enable the personalized access of HIS to patients' bodies toward the so-called Health-IoT-on-Body. Therefore, the information and communication of HISs can be managed at the level of the body of a specific individual. Considering the present and future importance of IHIS and IoT in e-health field, we developed the Health-IoT platform, which can well find its applications in patients' home and nursing home scenarios. The proposed system takes the advantages of systemon-chip (SoC) technology, material technology, and advanced printing technology, to build a patient-centric, self-assisted, fully automatic intelligent in-home healthcare solution. The functions developed can be applied in various health-related scenarios, including environmental monitoring, vital signs acquisition, medication management, and healthcare services. This article describes the development of several smart devices, including Bio-Patch, iMedPack, and iMedBox to realize the vision of iHome Health-IoT.
II. IHOME HEALTH-IOT SYSTEM

A. Network Architecture of iHome Health-IoT System
The network architecture of iHome is shown in Fig. 3 . It consists of three network layers: 1) smart medical service layer; 2) medical resource management layer; and 3) sensor data collecting layer.
A smart medical service layer is directly linked to professional medical facilities such as hospitals, emergency centers, and medicine supply chain. For example, doctors can efficiently manage a large group of patients. They can inspect the medication history as well as the physiological status history of a specific patient, make further analysis of a suspicious portion of patient's bio-signals (e.g., ECG), and based on that make a new e-prescription accordingly. Moreover, the doctors can perform an overall examination of a patient group by using dedicated software, which automatically analyzes the variation of an individual patient's physical condition over a period of time, e.g., 1 week or 1 month. Subsequently, the doctors can easily identify the patient group whose health conditions have improved and make them aware of their progress. Both patients and their family may feel reassured, which helps build positive loops into rehabilitation and self-care.
The medical resource management layer works as a transition auxiliary layer, which involves the administration and management of medical resources in an efficient manner and facilitates the smooth operation of the iHome system. In this layer, cloud computing and services are available to health and life science providers, providing an efficient way for data security and patient privacy protection.
The sensor data collecting layer is the basis of the entire network. It consists of data sensing and acquisition devices, local computing and processing units, data storage devices, and wired/ wireless transmitting modules. It is a multistandard wireless sensor platform, compatible with different wired/wireless protocols, such as Ethernet, RFID, Zigbee, Wi-Fi, Bluetooth, and 3G/4G network. With this three-layer iHome Health-IoT system, interaction between clinical professionals and home-stay patients can easily take place on demand or on a regular basis.
B. Architecture of the iMedBox
The iMedBox is the central platform of the iHome Health-IoT system. The inspiration for the iMedBox comes from the traditional in-home medicine container. The difference lies in the fact it is equipped with a high performance and open platform-based tablet PC and wireless transmission units, so the iMedBox is fully functional as a medication inspector, and an on-site examiner for daily monitoring [34] . The building blocks and interfaces of the iMedBox are shown in Fig. 4 . An ultra-high frequency (UHF) RFID reader, a high frequency (HF) RFID reader, a Wi-Fi unit, a Zigbee receiver, and a tablet PC with extension ports are embedded into the lid. A high-resolution weight bridge sensor is integrated in the bottom of the iMedBox to track the weight variation of the medicine stored in the box, and based on which the dose of medication taken by the patient can be calculated.
Wearable medical sensors (e.g., Bio-Patch), intelligent medicine packages, and the sensors/devices from third parties can be connected to the iMedBox via various wireless technologies. The iMedBox can serve as an in-home healthcare gateway to gather patients' physiological information, and it can deliver a variety of services such as on-site analysis, health social network, telemedicine, emergency, and medication management services.
III. INTELLIGENT MEDICINE PACKAGING
Nowadays, for senior citizens and patients with chronic diseases, it is critical to follow the doctors' advice to take their prescribed medicine at the proper time. However, noncompliance with medication is becoming more prevalent [4] . The levels of noncompliance may be affected by psychological factors such as the patients' levels of anxiety, motivation to recover, attitude toward their illness, as well as the fact that many senior citizens suffering from amnesia often forget to take the prescribed medicine on time. Prescribing clinicians frequently do not often detect or ask about noncompliance and are not always good at recognizing when patients stop taking their medication. If possible, it is important to maintain routine contact with the doctor to discuss, among other things, compliance issues. However, this is not as easy as it sounds. Moreover, the misuse and abuse of prescription medication can cause a range of adverse drug reactions, sometimes even leading to death [35] . An intelligent medication administration system is desirable to timely remind and dispense the medicine to individuals, and in the meantime, register and track their medication history.
In order to solve the medicine misuse problem, improve pharmaceutical noncompliance situation, and make the daily task as easy and smart as possible, an iMedPack is proposed utilizing two key technologies: RFID technology and controlled delamination materials (CDM).
In recent years, RFID technology has become more and more popular in the applications of manufacturing industries, logistics providers, supply chain management, retail outlets, banks, location tracking, and process detection [36] . With the rise of Gen 2 protocol, RFID tags are becoming more powerful in terms of larger memory, faster reading speed, and higher information security [37] . Therefore, RFID tags provide more opportunities for commercial applications.
CDM is a thin layer of epoxy adhesive sandwiched between two pieces of metal substrate such as aluminum foil [36] , as shown in Fig. 5 . In a bonded state, as shown in Fig. 5a , the strong adhesion of the glue epoxy can have a tension as large as in ambient environment. The adhesion disappears quickly after a 10-50-V dc voltage is applied, and subsequently, the interface is released, as shown in Fig. 5b . In a previous work, we applied a series of measurements to quantitatively study the electrical characteristics of CDM, which can be summarized as follows [36] . 1) The opening time will decrease monotonically along with an increase in dc voltage from 5 to 30 V. 2) The opening time is independent on the material size.
3) The delamination current waveform of CDM is shown in Fig. 6 . With a dc power supply of 30 V, the delamination time of CDM is tens of seconds, and the current is in the range of hundreds , within the safe range. 4) With a 100 kHz square-waves power supply (Vpp of 30 V), the opening time monotonically varies with different duty cycles as shown in Fig. 6 . Due to the low-power consumption, quick response, and electrically controlled delamination features, we combined CDM into an aluminum foil-covered capsule package. We thereby substituted the original single-layer adhesive aluminum layer with a sandwich-structured CDM to seal the packages. Combined with advanced RFID technology, an iMedPack was implemented. An RFID tag is attached along the edge of the medicine package, and connected to the CDM opener, as shown in Fig. 7 [38] . The RFID tag is wireless-powered by the reader embedded in the iMedBox. The tag can convert the near-field magnetic wave emitted by the reader into a dc supply, and an integrated charge-pump circuit can boost the dc voltage to around 30 V for CDM opening. The RFID always keeps the charge-pump module shut down until it receives an openingcommand issued by the iMedBox.
During this process, the iMedBox works as a home healthcare platform. According to the clinical prescriptions stored inside, it timely sends commands to the targeted iMedPack, and in the meantime, it emits magnetic waves to power the passive iMedPack. In return, the selected iMedPack sends back local information, e.g., packaging's ID, the number of medicine slots opened, and the number of intact slots, and acts according to the commands received, e.g., to open specific medicine slots. With the combination of the iMedBox with the iMedPack, the system can give timely reminders to patients about their medication, and precisely control the type and amount of prescribed drugs, thus avoiding medication misuse and abuse.
IV. UNOBTRUSIVE BIO-SENSOR
Biological signals, such as ECG and electroencephalograms (EEG), are the most commonly used vital tools for monitoring patients' physical condition and diagnosing diseases [39] . In particular for premature heart attacks, a very high proportion of lethal attacks happen during sleep or daily activities. The sooner the symptom is detected, the earlier the medical treatment and the better prognoses can be made for the patients. However, besides heart diseases, many chronic diseases are asymptomatic or intermittent, which lead to difficulties in accurate detection during a short visit to a hospital. Therefore, a long-term continuous health monitoring is essential for detecting and treating diseases.
Existing continuous monitoring systems (e.g., Holter system) are usually uncomfortable and inconvenient for long-term use, due to their physical limitations, e.g., large size, rigid package, and twisted wires [40] . In the previous work, a wearable ECG sensor node was developed using off-the-shelf components, which successfully detected ECG signals [41] . However, this sensor node was strap-based. In order to ensure good physical contact between embedded electrodes and human body, the strap had to be tightly pressed against the user's chest, which made it uncomfortable for long-term use. A new generation of healthcare devices should feature: 1) comfortable and unobtrusive properties; 2) low power consumption, therefore, long battery life; and 3) an affordable price.
A. Concept of the Flexible Bio-Patch
A desirable wearable bio-sensing device for continuous measurement should be ideally ultra-thin, small, and lightweight. In order to fulfill all these requirements, the Bio-Patch is proposed as an essential data-recording device within the Health-IoT system as shown in Fig. 1 . The Bio-Patch monitors a variety of physiological parameters simply by placing it on the relevant parts of the body. It converts bio-signals into a digital format and wirelessly transmits the data to the iMedBox platform for storage or real-time processing/display. Compared with existing health monitoring devices, two key technologies have been employed in the implementation of the Bio-Patch: 1) fully integrated highperformance SoC; and 2) large-scale cost-effective inkjet printing technology. Flexible and thin substrates have been adopted, such as paper and plastic, to improve user comfort.
A customized Bio-Sensing SoC is designed to sense, amplify, digitize, and process the bio-signals. Compared with devices or systems made from off-the-shelf components, the customized silicon chip compacts power-efficient circuit modules, such as amplifier, analog-to-digital convertor, digital controller, and wireless transmission modules, on to the same chip. A full integration of optimized circuit blocks enables the miniaturization of the physical size of the device as well as reducing power consumption [42] . These features are the key elements to realize the tiny but long-lasting healthcare device. A three-stage lowpower, low-noise bioelectrical amplifier has been developed. The schematic and architecture of the amplifier are illustrated at the top plot of Fig. 8 . A microphotograph of the fabricated BioSensing SoC is shown at the bottom plot of Fig. 8 . The chip is designed to have a programmable bandwidth (80 Hz-1.5 kHz) and gain (45-63 dB) by tuning the on-chip-integrated load capacitors via external switches. Therefore, it can be configured to sense a variety of bio-electric signals, including ECG and EEG. In addition, a temperature sensor is integrated on-chip, which can monitor a patient's body temperature, a commonly measured parameter indicating people's health status. The implemented three-stage bioelectrical amplifier totally consumes μ current from a 1.2 V supply. A detailed report regarding the circuit design as well as measurement results can be found in [42] . In order to make the Bio-Patch small and soft enough to be stuck on the body, hybrid integration technology is adopted. The Bio-Patch is implemented by mounting and interconnecting the bare Bio-Sensing SoC, and other electronics on a flexible foil that improves comfort when the device is wore on the body.
B. Inkjet-Printed Electrodes and Interconnections
Flexible electronics are considered a promising solution for next-generation consumer electronics because of their unique features. They are thin, lightweight, flexible, and compatible with cost-effective substrates and manufacturing techniques [44] , [45] . They enable many attractive applications, such as flexible displays, e-textiles, RFID tags, and bio-sensors [46] . Printing technology is considered to be a revolutionary approach for cost-effective manufacturing such as flexible electronic devices [47] . Inkjet printing technology uses cartridges to inkjet small amounts of functional inks directly and accurately on to a substrate [48] . With the development of nanotechnology, new materials such as inorganic nanoparticles, carbon nanotubes, and graphene inks have been developed to build high-performance components and large-area electronics that are thin, light weight, flexible, or stretchable [49] . Due to the features of additive and digital manufacture processes, inkjet printing is mask-free and free of material waste; therefore, it is a "green" and cost-effective assembly approach for electronic systems [50] . In addition, it is roll-to-roll compatible, enabling mass production with the possibility of further lowering the production cost. The print head does not need to contact the substrate, so it is capable of printing on multiple substrates, such as paper [51] and plastic [52] . This suggests a free selection of ultra-thin and flexible substrates according to the application requirements and makes the final device thin, light, and flexible.
In this work, inkjet printing technology is used in the manufacturing of tiny-size healthcare monitoring devices. The performance and feasibility of inkjet-printed electrodes and circuit boards have been reported in [53] . Some examples are shown in Fig. 9 , including printed flexible electrodes and interposer lead-frames for bendable circuit packaging. Through a series of ECG in-vivo tests, the electrical performance and design rules have been studied and summarized below [53] , which help to build an electrodes pair with optimized size and distance.
1) The signal quality of ECG captured by printed electrodes is comparable with commercial pregelled electrodes of the same size and distance. 2) The amplitude of detected ECG signal decreases along with the shrinking of electrode size (diameter from 15 to 3 mm) and the distance between electrodes (from 10 to 2 cm). In the previous work [50] , a successful integration of a packaged chip has been reported using inkjet printing technology. However, in order to further miniaturize the physical size of Bio-Patch, instead of using a standard-packaged SoC, investigations are made to achieve the direct integration of a bare silicon die on to flexible substrates, named Silicon-on-Flex. This presents great challenges to the integration approach due to the following two aspects.
1) The pad size on the silicon die is as small as μ μ with a pitch of μ . During the integration process, adjacent pads can easily get short-circuited.
2) The flexible substrate is soft, and moreover cannot withstand very high temperatures. So, traditional integration methods, such as wire bonding and solder balls, are not suitable in this case. Owing to the features of high accuracy and fine resolution, inkjet printing technology can not only be used to manufacture electrodes and circuit boards but also be used as an integration approach. Therefore, the whole pattern could be printed at once, including the electrodes, the circuit board, and the interconnections connecting the pads on the die with the circuits on the flexible foil. It is worth mentioning that, by merging the steps of printing the circuit and electrodes into a single step of system integration, the whole manufacturing process for a device is further simplified. Fig. 10 shows a Bio-Patch prototype based on the hybrid Silicon-on-Flex integration. The width of inkjet-printed interconnects can be as thin as μ . In total, 14 parallel interconnects have been successfully printed within a narrow space of 1.5 mm (one edge of a bare die) without any open circuit or short circuit.
C. Implementation and Experimental Results of Bio-Patch
By integrating the customized bio-sensing SoC, the optimized electrodes, and the other circuits, the miniaturized Bio-Patch prototype was implemented for single-channel ECG measurement, as shown in Fig. 11(a) . Including the electrodes and the coin battery assembled on the back, the total size of the Bio-Patch is with a thickness of 2 mm. The thickness could be further reduced to 1 mm if a soft battery (e.g., an Enfucell printed battery) is used. The hybrid integration approach of Silicon-on-Flex makes the developed Bio-Patch small, ultra-thin, and bendable. With the help of bio-compatible adhesive tape, the implemented Bio-Patch can be easily attached on to the patient's chest. Due to the use of thin flexible polyimide substrate, it works like a typical "Band Aid." The ECG signal captured by the Bio-Patch is shown in Fig. 11(b) . Influenced by 50-Hz power-line interference, a slight noise can be observed from the measured ECG signal, but the key features of ECG are clearly visible.
V. SYSTEM INTEGRATION AND PROTOTYPE DEMONSTRATION
The iMedBox platform is built based on the integration of the iMedPack and smart sensors via various wireless links. The focus is to regulate and optimize the accessibility of medical drugs and efficiently provide home-based healthcare services. The developed iHome IoT system connects the individual home environment with hospital, emergency center, and other medical facilities and provides remote prescription and medication noncompliance service. The key innovation and functionality include the following.
A. Remote Prescriptions
An iMedCard is an RFID tag-based medical card with a unique ID number linked to each user. The user registration process is shown in Fig. 12(a) . When a user with an iMedCard comes within the reading range of the iMedBox, the iMedBox will identify the user by comparing the ID number with the prestored key. If these two numbers do not match, the iMedBox will turn OFF, which means the iMedBox does not contain the medicine prescribed for this user. If two ID numbers match, the iMedBox will be activated and the relevant prescription will be automatically downloaded from the database through a wired or wireless link. When the user is registered into the iMedBox, the prescription page in Fig. 12(b) will show up on the graphic user interface (GUI), containing user information as well as the detailed prescription. From the remote physician's perspective, it is very convenient to make or update a prescription for a selected user. The doctor only needs to upload the prescription along with his/ her ID into the database through the Internet using the website as shown in Fig. 12(c) . When the database is updated, the iMedBox will synchronize automatically.
B. Medication Reminder
The iMedPack is sealed by CDM and integrated with an RFID tag as introduced in the previous section. The medicines are kept in the iMedBox just as in a normal in-home medication unit. The iMedBox recognizes and registers the medicine information by the RFID number, and meanwhile, compares the medicine with the prescription. According to the stored prescription, the controlling logics in the iMedBox will manage when and how many individual packages should be opened. When the time comes, the iMedBox will activate an audio or video reminder (considering the difficulty of reading prescription labels for patients with a visual impairment or hearing loss), including which kind of medicine to take, and how much to take. At the same time, the selected iMedPack will turn ON the charge pump to provide the CDM with 30 V for opening it.
C. Medication Noncompliance Control
According to the electrical characteristics of CDM shown in Fig. 6 , the bonding strength of the CDM glue decreases along with the duration of electrical stimulation, while at the same time, the pass-through current also decreases. When the current drops below 0.2 mA, the bonding strength is relatively weak, so a slight touch can peel it off. Therefore, the ready point is defined as the time when the pass-through current drops below 0.2 mA. The current keeps on decreasing infinitely close to zero. It will never reach zero until the user peels off the package and takes the pills. Based on this electrical characteristic, the iMedPack can precisely identify the time when the specific medicine is taken and then forward this information back to iMedBox via the RFID link.
An alternative method is available by tracking or measuring the remaining doses of medicine left in the bottles. In this case, an RFID tag is attached underneath each bottle. When the bottle is taken from the box, the short-range RFID reader will recognize the event that a bottle has been taken from the iMedBox and record its ID number, which is directly linked to the type of medicine picked up. After the user puts the bottle back, the iMedBox measures the weight difference of the bottle before and after the event, using the weight bridge sensor located at the bottom of the iMedBox. Based on the weight difference, the iMedBox can calculate how many pills have been taken.
D. Intelligent Analysis and First Aid Alarm
The elderly are more likely to forget to take or fail to properly take the medicine as prescribed. The following cases may be common: the user takes a wrong medicine, takes too much or too little of a specific medicine, takes the medicine at the wrong time, or adverse drug reactions/interactions happen with the possibility of causing death. According to the severity in each case, various levels of alarms should be triggered. The iMedBox performs an intelligent analysis by automatically comparing the recorded medication time and amount with the doctor's prescription. If a mismatch happens, the iMedBox will trigger an alarm. As shown in Fig. 13(a) , the alarm will first show up on the iMedBox's screen. If the mistake is not corrected within 10 min, a text message will be sent to the doctor through the embedded 3G module. The message includes user information and a description of the noncompliance, as shown in Fig. 13(b) . Subsequently, the doctor can log into the database via a remote terminal, and make an estimation to decide whether it is necessary to contact the user immediately or deliver the information to the emergency center. The medication history is regularly uploaded and saved in a remote server. The doctor can take it as a reference for the next prescription.
By connecting the wearable Bio-Patch with the iMedBox, the iHome Health-IoT system is capable of monitoring and analyzing the vital signs. The bio-signals sampled, such as ECG and body temperature, are digitized and wirelessly transmitted to the iMedBox, which stores the data, and performs real-time signal processing and display. Based on the recorded ECG signal from Bio-Patch, the user's heart rate information can be extracted, and a heart rate variability analysis can be performed on a regular basis. Once a continuous abnormal heart rate is detected, the iMedBox will trigger an alarm. If the patient's abnormal heart condition has not recovered within a certain time period, e.g., 10 min, the iMedBox will automatically send out a text message to the doctor describing the situation. The doctor will then decide whether or not to contact the patient's relatives or deliver the case to an emergency center. Audio and video communications between the patient and the doctor is also available through the iMedBox to support an on-site diagnosis.
VI. CONCLUSION AND FUTURE WORK
In recent decades, the rapid growing of aging population has been a challenge to global healthcare systems [1] . Many countries have been active in undergoing hospital restructuring through optimizing medical resources and increasing the use of home healthcare [2] , [54] , [55] . IoT now has been recognized as a revolution in ICT and is expected to be applied to many industrial sectors including healthcare [56] - [71] . This paper presents an IoT-based intelligent home-centric healthcare platform (iHome system), which seamlessly connects smart sensors attached to human body for physiological monitoring and intelligent pharmaceutical packaging (iMedPack) for daily medication management. It also offers multiple opportunities to adapt a wide variety of e-health applications with minimum changes. Examples include the scenario of assisted living for people with disabilities, where users can interact with smart objects, such as home appliances, and environmental sensors, etc., deployed in a home environment to ensure their health and well-being.
The proposed iHome system consists of three key blocks, including the iMedBox, the iMedPack, and the Bio-Patch. It also involves different aspects of the HIS, from the hospital, emergency center, to user's home, body, and even medicine. The iMedBox serves as a home healthcare station providing strong interoperability and IoT network connectivity. By leveraging CDM material and RFID technology, iMedPack offers a promising solution for the medication noncompliance problem by automatically reminding the user and dispensing a certain amount of medicine on time according to the online prescription. In order to continuously and unobtrusively monitor a user's vital signs, a miniaturized flexible Bio-Patch has been developed. An ultra-low power, tiny-size, application-specific integrated circuit has been developed to measure ECG and body temperature. Inkjet printing technology offers a cost-effective solution for manufacturing electrodes and Silicon-on-Flex integration. A wearable Bio-Patch has been developed for bio-signal acquisition by leveraging the advantages of hybrid integration of silicon-based electronics and printed electronics.
By connecting the iMedPack, Bio-Patch, and the back-end services through a wireless link, the iMedBox can deliver various services, including real-time bio-signal monitoring, local analysis and alarm, remote diagnosis and prescription, and medication noncompliance control. The iHome Health-IoT system combines the health social network, telemedicine, and emergency and medication management services. It will speed up the transformation from Hospital-Centric medical treatment to Home-Centric healthcare, and finally bring about ubiquitous and personalized healthcare.
The viability of the Health-IoT platform has been proved by conducting a series of in-field tests, involving bio-sensing, data retrieval, medication reminder and alarm, and multistandard communication capability test. However, limitations still exist in the implemented system. For instance, the implemented BioPatch is bendable, but in some extreme cases, it may not survive a sharp-edge folding because the attached silicon chip may peel off. In addition, the current interactions between a user and the remote physician are mainly based on short messages, phone calls, or simple notices on the iMedBox's GUI. A user-friendly and interactive multimedia interface is desirable for a better user experience. Future work will comprise further enhancing BioPatch's mechanical and electrical reliabilities by laminating a thin plastic insulation layer over the patch to protect the conductive traces. Enriching the iMebBox's GUI with more userfriendly functions and exploring new application scenarios for this Health-IoT platform are also open issues to work on. 
